ABSTRACT The western spotted cucumber beetle, Diabrotica undecimpunctata undecimpunctata Mannerheim, is an important pest of melons (Cucurmis melo L.) in northern California. Recent observations indicate that adults are using alfalfa (Medicago sativa L.) as a feeding host and larvae may be developing on the roots. Greenhouse studies were conducted during the winters of 2009 and 2010 in which larval development was compared on the roots of six Þeld and vegetable crops commonly grown in the southern Sacramento Valley. The growth parameters used to evaluate the hosts were larval and pupal head capsule width, body width, and body length as well as total survival percentage and survival percentage to the third instar. According to larval growth and survivorship in 2009, maize (Zea mays L.) was the best host, followed by alfalfa and tomato (Solanum lycopersicum L.) that were roughly equivalent to one another. Melon was a slightly weaker host than alfalfa and tomato; sunßower (Helianthus annuus L.) was a completely incompatible host and thus dropped from the 2010 study. In 2010, melon was the weakest host for larval development. Maize was the superior host again followed closely by alfalfa that performed slightly better than tomato and lima bean (Phaseolus lunatus L.). Data suggest that larval western spotted cucumber beetles may primarily develop outside of melon Þelds and the adults emigrate to melons.
The western spotted cucumber beetle, Diabrotica undecimpunctata undecimpunctata Mannerheim, is an economically signiÞcant pest of melons (Cucurmis melo L.) grown in northern California. Although larvae and adults feed extensively on all below-ground and above-ground plant parts, respectively, the primary cause of concern is feeding damage to the fruit from both larvae and adults (Michelbacher et al. 1953) . In recent years, cucumber beetle infestations in northern California melons have been especially severe and foliar insecticide use to control the adults has increased.
Adult western spotted cucumber beetles feed on hundreds of plant species from more than 20 plant families (Sell 1915) . Like other members of the fucata group of the Diabrotica genus, the western spotted cucumber beetle is multivoltine and the larvae are polyphagous (Branson and Krysan 1981) . In fact, larvae of the closely related spotted cucumber beetle, D. undecimpunctata howardi Barber, are important pests of maize (Zea mays L.) and peanut (Arachis hypogaea L.) in the southeastern United States (Arant 1929 , Barbercheck et al. 1995 .
Recent observations in alfalfa (Medicago sativa L.) Þelds in the southern Sacramento Valley of California revealed large populations of western spotted cucumber beetle adults feeding on alfalfa plants (Pedersen 2009 ). The western spotted cucumber beetle was previously reported as an important pest of seedling alfalfa in Oregon with the larvae developing on the alfalfa roots (Rockwood and Chamberlin 1943) . Michelbacher et al. (1953) hypothesized that western spotted cucumber beetle populations were migrating into melons from alfalfa Þelds especially after harvests. It is still unclear however, how suitable a larval host alfalfa is relative to other known larval hosts.
Plants in the Cucurbitaceae family are preferred feeding hosts of Diabrotica spp. because of the high concentration of certain tetracyclic triterpenes called cucurbitacins in the foliage of cucurbits (Chambliss and Jones 1966, Howe et al. 1976 ). Larvae of the spotted cucumber beetle have been observed to feed more on roots containing cucurbitacins than on roots that lacked cucurbitacins (Deheer and Tallamy 1991) . Cucurbitacins are found in the roots of most plants in the Cucurbitaceae family including melons. In addition, Ͻ1 g of cucurbitacins stimulated feeding in adults of several Diabrotica spp. including the western spotted cucumber beetle (Metcalf et al. 1980) . The feeding stimulation associated with cucurbitacins may indicate that plants containing such compounds, like melons, would be better hosts for larval development than plants lacking cucurbitacins. Alternatively, larval feeding stimulation from cucurbitacin-rich hosts may be because of the protection that sequestered cucurbitacins offer cucumber beetles from predation and disease (Ferguson and Metcalf 1985, Tallamy et al. 1998) .
A greenhouse study was conducted during the winters of 2009 and 2010 to evaluate the host suitability of alfalfa, melon, maize, tomato (Solanum lycopersicum L.), sunßower (Helianthus annuus L.), and lima bean (Phaseolus lunatus L.) for western spotted cucumber beetle larval development. All six hosts evaluated are crops commonly grown in the southern Sacramento Valley and are known to be feeding hosts of the adult stage of western spotted cucumber beetle.
Materials and Methods
In both years the experiments were conducted in a greenhouse located on the University of California, Davis campus. Air temperature was Ϸ 27ЊC during the day and Ϸ 22ЊC at night, with a photoperiod of 14:10 (L:D) h that was maintained both years.
2009 Larval Recovery. Eight 3.8-liter pots of each potential larval host species were planted with a 1:1 mixture of potting soil and sandy-loam top soil (ACE Hardware Corporation, Oak Brook, IL). Because the plants grew at different rates, they were planted at different times and at different densities to get approximately equal root mass for each species at the time the pots were infested. In addition, enough root mass was provided in each pot such that food quantity would not be a limiting factor in larval growth and development. Before planting, solid urea (3.44 g nitrogen per pot), phosphate (2.38 g phosphorus per pot), and potash (2.70 g potassium per pot) fertilizers were mixed into the soil. The cultivars of each host species used were as follows: ÔSutterÕ (alfalfa); ÔTam dew improvedÕ (melon; Seminis, Woodland, CA); ÔEarly sunglow hybridÕ (maize; Irwin and Sons Ag Supply, Cheshire, OR); ÔBonnie bestÕ (tomato; Lake Valley Seed Company, Boulder, CO); and ÔMammoth gray stripeÕ (sunßower; Lake Valley Seed Company, Boulder, CO).
The larvae used in this study came from eggs laid by western spotted cucumber beetle adults from a colony maintained in the laboratory at University of California, Davis. The colony was started from adults removed from alfalfa Þelds in Yolo County during fall 2008 and winter 2009. The adults were fed collard greens and synthetic adult southern corn rootworm (Diabrotica undecimpunctata howardi Barber) diet (Bio-Serv, Frenchtown, NJ). To avoid effects of laboratory rearing on larval host preference, only eggs from wild-caught adults were used. Eggs were collected from a cheesecloth based oviposition device (Cuthbert et al. 1968 ) then kept refrigerated (Ϸ 4ЊC) until needed.
The study design for the larval recovery experiment was a split-plot arrangement in a randomized complete block design. The main plots were plant species and the subplots were larval recovery date (Oyediran et al. 2008) . The pots were split into four blocks where block 1 was in an eastÐwest line toward the south end of the greenhouse bench and block 4 was in a similar line toward the north end. As a result, block 1 received the most sunlight and block 4 received the least sunlight. Two pots of each host species were randomly assigned to each block and within each block the ten pots were randomly distributed.
Beginning with block 1, a block was infested with larvae on each of four successive days with block 4 being infested on the last day. Each pot was infested with 20 neonate larvae by using a camel-hair brush. The openings at the bottom of each pot were covered with several layers of cheesecloth to minimize larval escape. The pots were watered automatically with a drip system. Each pot received enough water to keep the soil adequately moist.
Within each block, each of the two pots of each species was randomly assigned a larval extraction date of either 10 or 21 d after infestation. Because the four blocks were infested on different days, the larvae were also extracted on different days for each block. The procedure used to extract the larvae was a modiÞca-tion of the golden cyst nematode washing technique (U.S. Department of Agriculture 1954) that has been shown to recover Ͼ70% of southern corn rootworm larvae from maize roots (Bergman et al. 1981) .
The procedure for larval recovery used in this study was as follows: The plant growth in each pot was cut 5 cm above the soil surface. The soil and root mass for each pot were then placed into an empty 19-liter plastic bucket. The inside of the pot was checked for any larvae that might be adhering to the surface. Larvae and pupae recovered at any point in the process were transferred to a glass vial of 70% ethanol. A pressurized stream of water was applied to the soil mass to break it up. Each plant was removed from the mass as the roots became dislodged. The roots were carefully checked for any adhering larvae and then discarded. The bucket continued to be ßooded with water while the processor used one hand to break up the soil and stir it. This allowed the larvae and pupae to drift upwards and not be buried by the soil. When the water level neared the top of the bucket, it was then decanted into another 19-liter bucket. The remaining soil was then ßooded and stirred as before, and subsequently decanted into another bucket. This was done four times and the contents of each of the four buckets were then poured through a no. 10 sieve and a no. 30 sieve (W. S. Tyler, Mentor, OH). Each sieve was lightly rinsed with water and then placed in a pan with two M MgSO 4 solution to improve larval and pupal ßotation. Larvae and pupae that ßoated to the surface were then collected.
The collected larvae and pupae were measured using an ocular micrometer on a dissecting microscope. For larvae, the measurements taken were head capsule width, anal plate width, and body length (from the posterior of the head capsule to the anterior of the anal plate). For pupae, the measurements taken were head capsule width, body width, and body length. The larval measurements were all taken from the dorsal side and the pupal measurements were all taken from the ventral side. The larval and pupal measurements for the individuals recovered from the pots were compared with those measurements from neonate larvae. Twenty neonates from the same population being used to infest the pots were used to measure head capsule width, anal plate width, and body length. The mean of each of these parameters was subtracted from that of each recovered larva and pupa to determine the net change in that parameter as a measure of growth.
2010 Larval Recovery. The greenhouse experiment was repeated in the winter of 2010 in a similar manner as 2009 but with several changes. First, because of the inability of western spotted cucumber beetle larvae to develop on sunßower roots, lima beans were used instead of sunßower. The lima cultivar used was a vine-type called ÔUCD 279Ј and the other four host species used were the same as in 2009. The experimental design was a split-plot arrangement in a randomized complete block design with four blocks randomized the same way as in 2009. The plants were grown in the same fashion as in 2009 and larval infestation procedures were identical with each of the four blocks being infested on a separate day. However, larvae were extracted from each pot after 8 or 15 d rather than 10 or 21 d. The growth periods were shortened so that extractions would occur before larvae entered the pupal stage to avoid comparing pupal and larval measurements, which can be dramatically different. In addition, the pupal stage tends to be more fragile and more difÞcult to recover. The same technique was used for larval extraction and the same measurements were taken to compare larval growth as in 2009.
Data Analysis. The data from both years were analyzed using PROC GLM (SAS Institute 1990) with an analysis of variance (ANOVA) and Tukey mean separation. The Þve parameters compared were 1) mean head capsule width, 2) mean body and anal plate width, 3) mean body length, 4) total survival percentage, and 5) percentage survival to third instar or beyond. All parameters except total survival percentage were analyzed by comparing sample dates within plant species through the use of the LSMEANS output. For total survival percentage, both sampling dates were combined in each year. The mean change in body length in 2009 received a square-root transformation to satisfy the assumptions of the ANOVA.
Results

Larval Recovery.
No larvae were recovered for the sunßower treatment for either sampling date (Fig. 1) so it was found that no larval development took place on that host. There were signiÞcant treatment effects in 2009 for change in head capsule width (F ϭ 112.80; df ϭ 4, 12; P Ͻ 0.0001); change in body width (F ϭ 277.00; df ϭ 4, 12; P Ͻ 0.0001); change in body length (F ϭ 112.80; df ϭ 4, 12; P Ͻ 0.0001); total survival percentage (F ϭ 21.19; df ϭ 4, 12; P Ͻ 0.0001): and percentage survival to third instar (F ϭ 26.65; df ϭ 4, 12; P Ͻ 0.0001). Based on the head capsule and body width growth (Table 1) , the 21-d maize treatment had the most larval development as both parameters were signiÞcantly higher for the 21-d maize than any other treatment. Using the same growth measurements, there was no signiÞcant difference between the 21-d treatments of melon, alfalfa, and tomato and the 10-d treatment of maize. For all species except sunßower, head capsule and body width growth were signiÞ-cantly greater after 21 d than after 10 d.
For change in body length, larvae from melon, alfalfa, and tomato all had more growth after 21 d than 10 d (Table 1) . Western spotted cucumber beetle larvae from maize did not have signiÞcantly greater body length after 21 d compared with 10 d, which is because of the large numbers of prepupae and pupae that were recovered in the 21-d maize treatments. The prepupae and pupae tended to have shorter body lengths than the feeding third-instar stage. The 10-d maize and tomato treatments both had signiÞcantly greater change in body length than melon.
The total survival percentage of each species is depicted graphically in Fig. 1 . Survival percentage was highest for maize followed by alfalfa then tomatoes and melons. There were no signiÞcant differences in larval survival between alfalfa and maize or between alfalfa, melon, and tomato.
Percentage survival to the third instar was highest for the 21-d maize treatment but it was not signiÞ- cantly different from the 21-d treatments of alfalfa or tomato or the 10-d maize treatment (Table 1) . Alfalfa, melon, and tomato had a signiÞcantly higher thirdinstar survival percentage after 21 d than 10 d.
2010 Larval Recovery. There were signiÞcant treatment effects in 2010 for change in head capsule width (F ϭ 9.88; df ϭ 4, 12; P ϭ 0.0009); change in body width (F ϭ 17.65; df ϭ 4, 12; P Ͻ 0.0001); change in body length (F ϭ 11.55; df ϭ 4, 12; P ϭ 0.0004); total survival percentage (F ϭ 4.29; df ϭ 4, 12; P ϭ 0.0220); and percentage survival to third instar (F ϭ 4.59; df ϭ 4, 12; P ϭ 0.0177). There were no signiÞcant differences in mean change in head capsule width between the 15-d treatments of any of the hosts except melon, which had signiÞcantly less growth than all the other hosts except tomato (Table 2 ).In addition, the 8-d maize treatment did not signiÞcantly differ from the 15-d treatments of bean, tomato, or melon. Head capsule growth after 8 d was signiÞcantly less than after 15 d in all hosts except melon.
Change in body width after 15 d was signiÞcantly greater in maize than bean or melon ( Table 2 ). The 8-d maize treatment did not signiÞcantly differ in body width growth from any of the 15-d treatments except maize. Mean body width growth after 15 d in alfalfa and tomato was signiÞcantly greater than that of melon. The change in body width after 15 d was signiÞcantly greater than after only 8 d in all hosts except bean and melon.
For the change in larval body length variable, the 15-d maize treatment was signiÞcantly greater than all other hosts except 15-d alfalfa and tomato treatments (Table  2) . Change in body length of larvae from alfalfa and tomato after 15 d was signiÞcantly greater than all remaining treatments except 8-d maize and 15-d lima bean. Change in larval body length was greater after 15 d than 8-d for all host species except melon and lima bean.
The percentage of larvae survived to the third instar after 15 d was signiÞcantly greater in maize, alfalfa, and tomato than in melon (Table 2 ). All hosts except bean and melon had signiÞcantly higher third-instar survival percentage after 15 d than after 8 d. Only alfalfa and maize had any larvae survive to the third instar after only 8 d.
The total percentage larval survival from both 8-and 15-d treatments was signiÞcantly higher in alfalfa than melon; there were no signiÞcant differences between any other species (Fig. 1) .
In both 2009 and 2010, every pot used still had sufÞcient healthy root mass at the time of larval extraction. Therefore, lack of available food should not have been a determining factor in larval growth and survival.
Discussion
The data from this greenhouse study suggest that maize was the most suitable larval host for western Means within the columns followed by the same letter are not signiÞcantly different at the P Ͼ 0.05, Tukey mean separation.
spotted cucumber beetle. Growth occurred much more rapidly on maize and survival tended to be higher than on the other four host plant species in 2009. In 2010, maize again had the largest change in larval size (using all three parameters) among the host plant species. Alfalfa and tomato appeared to be comparable hosts for larval development in 2009, but in 2010 larvae survived better on alfalfa than any other host. Lima bean appeared to be a suitable larval host, although not as suitable as maize or alfalfa, and possibly less suitable than tomato. Melon was a slightly less suitable host for western spotted cucumber beetle larvae than alfalfa or tomato in 2009, and was clearly the worst host tested in 2010 as indicated by the slower growth rate and lower survival percentage. Because of their small size and tendency to burrow into root tissue, Þrst instars are very difÞcult to recover with the ßotation method and therefore, the survival rate may actually have been higher in some of the 10-and 8-d treatments (especially for melon) than that recorded. To achieve a better recovery rate, root tissue could have been placed in a Tullgren funnel. No larvae were recovered from the sunßower pots so sunßower appears to be an incompatible host for larval western spotted cucumber beetle development. The change in larval recovery intervals from 2009 to 2010 had a dramatic effect on the recovery rate and growth parameters for maize. In 2009, after 10 d, 46.3% of infested larvae were recovered at the third instar or further in development (Table 1 ). In 2010, after 8 d, only one infested larva was recovered in the third instar. Larger larvae are easier to recover using the ßotation method so the total recovery rate for maize dropped Ϸ20% from 2009 to 2010 (Fig. 1) . In addition, after 21 d in 2009, 27.5% of infested larvae from maize pots were recovered as pupae. Conversely, no pupae were recovered after 15 d in 2010. Pupae had much larger head capsule and body widths than third-instar larvae so these measurements were dramatically higher in 21-d immatures recovered from maize than in other hosts.
Alfalfa, maize, tomato, and lima bean were all better western spotted cucumber beetle larval hosts than melon. This information conÞrmed the observations of Hirsh and Barbercheck (1996) who reported that southern corn rootworm larvae reared on two cucurbit cultivars had slower growth rates than those larvae reared on either maize or peanut. There appeared to be no developmental advantage to the larvae for consuming cucurbitacins despite the known preference of cucumber beetle larvae for roots containing cucurbitacins (Deheer and Tallamy 1991) .
The observation that alfalfa in particular was such a strong larval host for western spotted cucumber beetle suggests that the large adult populations frequently found in alfalfa Þelds in northern California (Pedersen 2009 ) may be the result of larvae developing on alfalfa roots, adults ovipositing into alfalfa Þelds, or both. The majority of the western spotted cucumber beetle adults feeding on melons may actually originate in alfalfa Þelds. Adult spotted cucumber beetles are excellent ßiers (Smith and Allen 1932) , so it is likely that adult western spotted cucumber beetles could easily migrate from alfalfa Þelds to melons, especially after the frequent alfalfa harvests. In fact, adult female Diabrotica barberi (Smith & Lawrence) were observed to emigrate from maize Þelds when silks and pollen were no longer available, and returned to the maize Þelds with mature eggs to oviposit a few weeks later (Lance et al. 1989) . A similar process where adult western spotted cucumber beetle emigrate from alfalfa Þelds to feed on melon foliage, ßowers, and fruit, and return to the alfalfa for oviposition, may be occurring in northern California.
Considering the compatibility of tomato, maize, and lima bean as western spotted cucumber beetle larval hosts, it seems likely that these crops also play an important role in the life history of this pest in California. Although adult western spotted cucumber beetle will feed on tomato foliage, it remains unclear whether they would oviposit into soil around tomato plants and there have been no reports of Diabrotica spp. larvae developing on tomato roots. Western spotted cucumber beetle adults are an important pest of snap beans (Phaseolus vulgaris L.), but Luna and Xue (2009) found that females tended to aggregate along Þeld edges adjacent to sweet corn Þelds, suggesting that the majority of the larvae were developing in sweet corn Þelds. This information suggests a tendency of western spotted cucumber beetle to move between crops to oviposit into hosts that are more suitable for larval development. The fact that maize proved to be the most compatible larval host in this study may indicate that the large acreages of maize grown in California are a major source of western spotted cucumber beetle populations. Future investigations should determine how important alfalfa, maize, bean, and tomato are to western spotted cucumber beetle larval development in the Þeld and how frequently adult females use these hosts for oviposition.
Weeds also may be important larval hosts for western spotted cucumber beetle. Alfalfa and lima bean (Fabaceae), tomato (Solanaceae), sunßower (Asteraceae), and maize (Poaceae) all represent different plant families with weed species on which western spotted cucumber beetle adults are known to feed. The fact that sunßower is an incompatible larval host may indicate that weeds in that family such as aster (Aster spp.) or goldenrod (Solidago spp.) also may be incapable of supporting western spotted cucumber beetle larval development. Conversely, weeds related to maize, alfalfa, and tomato likely would be able to support larval development. Weeds could provide a source of western spotted cucumber beetle populations both within and external to melon Þelds. The host suitability of common weed species in the melon agroecosystem for larval development should be investigated in future studies.
Although the western spotted cucumber beetle is primarily a pest in melons in the southern Sacramento Valley, the biology of the pest is closely tied to other plants as well. The clear advantage that larvae gain in developmental rate from alternate hosts indicates that successful management of this pest will need to take these other hosts into account. Gaining a better understanding of the role played by alternate hosts will better help pest management practitioners to know where damaging populations are originating from and when control measures need to be applied.
